The p53 tumor suppressor protein is a transcription factor that exerts its effects on the cell cycle via regulation of gene expression. Although the mechanism of p53-dependent transcriptional activation has been well-studied, the molecular basis for p53-mediated repression has been elusive. The E2F family of transcription factors has been implicated in regulation of cell cycle-related genes, with E2F6, E2F7, and E2F8 playing key roles in repression. In response to cellular DNA damage, E2F7, but not E2F6 or E2F8, is up-regulated in a p53-dependent manner, with p53 being sufficient to increase expression of E2F7. Indeed, p53 occupies the promoter of the E2F7 gene after genotoxic stress, consistent with E2F7 being a novel p53 target. Ablation of E2F7 expression abrogates p53-dependent repression of a subset of its targets, including E2F1 and DHFR, in response to DNA damage. Furthermore, E2F7 occupancy of the E2F1 and DHFR promoters is detected, and expression of E2F7 is sufficient to inhibit cell proliferation. Taken together, these results show that p53-dependent transcriptional up-regulation of its target, E2F7, leads to repression of relevant gene expression. In turn, this E2F7-dependent mechanism contributes to p53-dependent cell cycle arrest in response to DNA damage.
Molecular sensors respond to DNA damage signals by activating a sequence of events that leads to the execution of cellular stress responses (Levine 1997; Giono and Manfredi 2006; Laptenko and Prives 2006) . In mammalian cells, the tumor suppressor p53 is a master regulator of stress response pathways such as cell cycle checkpoints, DNA repair, senescence, and apoptosis (Levine 1997; Vousden and Prives 2009) . Its importance in human cancers is emphasized by the fact that most tumors express a mutant p53 or have alterations in the p53 pathway itself (Levine 1997) . Most of the activity of p53 as a tumor suppressor has been ascribed to its function as a sequence-specific, DNAbinding transcription factor (Laptenko and Prives 2006; Beckerman and Prives 2010; Brady et al. 2011) . While the mechanism of transcriptional activation by p53 is well understood, the molecular basis for transcriptional repression remains unclear. In this study, E2F7 is identified as a new p53 target gene playing a role in DNA damage-induced, transcriptional repression of indirect p53 targets.
The E2F family of transcription factors is known for being important regulators of cellular proliferation (Ren et al. 2002; Saavedra et al. 2002; Zhu et al. 2004; Chen et al. 2009 ). There are eight known E2Fs, and they can be functionally divided into two groups: activators and repressors (DeGregori et al. 1997; Dyson 1998; DeGregori 2004; Xu et al. 2007; Moon and Dyson 2008; Lammens et al. 2009 ). E2F1, E2F2, and E2F3a are known activators, whereas E2F3b, E2F4, E2F5, E2F6, E2F7, and E2F8 are considered to be repressors (Lammens et al. 2009 ). Within the repressor group of E2Fs, there is an atypical subgroup composed of E2F7 and E2F8 (Logan et al. 2004; Lammens et al. 2009 ). While atypical E2Fs differ structurally from typical E2Fs, all mammalian E2Fs share a conserved DNA-binding domain (Logan et al. 2004; Lammens et al. 2009 ). However, typical E2Fs contain only one DNA-binding domain and require a DP partner in order to bind DNA (Dyson 1998; DeGregori 2004; Lammens et al. 2009 ). The Rb family is composed of Rb (p105), p107, and p130 (Dyson 1998; DeGregori 2004; Zhu et al. 2004; Jackson et al. 2005) . They have been well-characterized as repressors of E2F-mediated transcription in cells (Dyson 1998) . In general, hypophosphorylated Rb (p105) binds to the activator E2Fs (E2F1-3a), and p107 and p130 bind to the repressor E2Fs (E2F3b-5) (Dyson 1998; DeGregori 2004) . In contrast, the repressors E2F6, E2F7, and E2F8 have not been shown to interact with any of the Rb family members (Cartwright et al. 1998) .
The E2F7 protein is an atypical E2F with two DNAbinding domains. It does not heterodimerize with a DP partner and does not have an Rb family-binding domain (Di Stefano et al. 2003; Logan et al. 2004) . Therefore, E2F7 functions as a transcriptional repressor in an Rb familyindependent manner. E2F7 recognizes E2F-binding sequences and participates in an autoregulatory loop with E2F1 by repressing E2F1-dependent transcription (Di Stefano et al. 2003; Moon and Dyson 2008) . These studies suggest that E2F7 activity is required in order to keep members of the E2F family and their target genes under tight control. For example, E2F7 and E2F8 double-knockout mice die early during development due to widespread E2F1-induced, p53-dependent apoptosis (Li et al. 2008 ). In addition to playing an important role during embryogenesis, E2F7 has been implicated in the DNA damage response and cell cycle control of E2F target genes (Panagiotis Zalmas et al. 2008) . Most recently, E2F7 was shown to regulate proliferation and apoptotic pathways in human keratinocytes (Endo-Munoz et al. 2009; Hazar-Rethinam et al. 2011) . These studies further suggest that the deregulation of the E2F1-E2F7 regulatory loop may play a major role in the initiation of cutaneous squamous cell carcinoma, which could have important implications for therapy. Taken together, the importance of E2F7 during development and tumorigenesis is clear. The present study addresses how E2F7 transcription is regulated in response to DNA damage and its function as a downstream effector of p53-dependent repression. These data demonstrate that E2F7 plays a role in transcriptional repression of a subset of indirect p53 target genes involved in DNA replication. DNA damage-induced up-regulation of E2F7 is p53-dependent, with E2F7 being a direct target for transcriptional activation by p53. These findings provide additional insights into E2F7 regulation in response to DNA damage, an important step toward fully understanding the role of E2F7 in cellular processes and in cancer.
Results

DNA damage-induced transcriptional repression of a subset of cell cycle genes is p53-dependent
A large number of genes have been shown to be repressed by p53 in response to DNA damage (Seto et al. 1992; Lee et al. 1999 Lee et al. , 2001 Murphy et al. 1999; Badie et al. 2000; Shats et al. 2004; St Clair et al. 2004; Imbriano et al. 2005; Laptenko and Prives 2006) . This study presents new insights into the mechanism of DNA damage-induced repression of a select group of genes indirectly repressed by p53. First, DNA damage-induced down-regulation of known p53 repression targets involved in the G2/M phase of the cell cycle (CDC25C, CDK1, CCNB1, and CDC20) was compared with E2F1 and other G1/S genes (RRM2, DHFR, and CDK2). In order to address the p53 dependence, human colon carcinoma isogenic cell lines HCT116 p53
and p53
À/À were used. Cells were subjected to treatment with the DNA-damaging agent doxorubicin (Supplemental Fig. 1S ). Immunoblot analysis of cell extracts from treated samples showed p53 induction (Supplemental Fig. 1SA ). In addition, DNA damage triggered both a limited G1/S arrest and a substantial G2/M cell cycle checkpoint in p53
cells, while p53 À/À cells arrested only in G2/M (Supplemental Fig. 1SB ). These cells were also analyzed for gene expression by quantitative RT-PCR (qRT-PCR) to compare levels of the G2/M targets (CDC25C, CDK1, and CCNB1) with that of G1/S targets (E2F1, RRM2, and CDK2) in both cell lines. DNA damage-induced transcriptional repression of all targets was observed in p53-replete cells but not in the p53-null cells (Fig. 1A) . Likewise, CDKN1A (p21) levels were induced after DNA damage in p53-expressing cells but not in p53-null cells (Fig. 1A) . These findings confirm that DNA damage-induced repression of this set of genes is p53-dependent.
To validate these results in a different system, p53 was targeted in osteosarcoma-derived U2OS p53 +/+ cells using RNAi. Immunoblot analysis verifies the knockdown of p53 in these cells (Supplemental Fig. 1C ). Ablation of p53 impaired DNA damage-induced repression of CDC25C, CCNB1, CDC20, RR2, E2F1, and DHFR in U2OS cells (Supplemental Fig. 1SD ). Furthermore, CDKN1A induction was also impaired in p53-ablated cells. These results authenticate the p53 dependence of DNA damage-induced repression of select G1/S (replication targets) and G2/M (mitotic targets) genes.
DNA damage induces an up-regulation of E2F7 but not E2F6 or E2F8 E2F7 had been previously reported to be up-regulated in response to DNA damage in cells, but the basis for this was not addressed (Panagiotis Zalmas et al. 2008) . Recently, E2F7 was implicated in regulating S-phase progression by repressing a large network of genes (Westendorp et al. 2012 ). The present study hypothesizes that E2F7 is up-regulated by p53 and that it mediates transcriptional repression of indirect p53 targets in response to DNA damage. Thus, DNA damage-induced up-regulation of E2F7 in response to genotoxic stress was corroborated using multiple tumor cell lines. Cells were subjected to increasing amounts of doxorubicin followed by gene expression analysis of E2F7 (Supplemental Fig. 2S ). qRT-PCR studies substantiate that E2F7 up-regulation is dose-dependent in all cell lines tested (Supplemental Fig. 2S ). CDKN1A levels were also increased, whereas CDC25C levels were decreased (Supplemental Fig. 2S ). In addition, U2OS cells were treated with a single dose of the DNA-damaging agent doxorubicin. qRT-PCR expression analysis at different time points showed a time-dependent increase in E2F7 after treatment (Supplemental Fig. 2SD ). E2F7 expression levels peaked at 24 h post-treatment, coinciding with transcriptional repression of E2F1, DHFR, and RRM2 (Supplemental Fig. 2SD ). Immunoblotting of cell extracts from U2OS cells treated with increasing amounts of doxorubicin shows a dose-dependent increase in E2F7 levels (Fig. 1B) . Taken together, these data support the possibility that in response to DNA damage, E2F7 upregulation is p53-dependent. E2F7 and E2F8 have been reported to play compensatory roles for one another in some settings (Logan et al. 2005; Li et al. 2008; Lammens et al. 2009 ). In one report, E2F7 and E2F8 were reported to be induced after treatment with the genotoxic drug etoposide (Panagiotis Zalmas et al. 2008) . Therefore, expression levels of E2F8 were probed together with those of E2F6 and E2F7. In response to doxorubicin treatment, E2F8 levels were down-regulated in U2OS cells (Fig. 1C) . Although E2F8 expression in HCT116 cells was reproducibly lower after treatment, this effect was mild and not statistically significant (Fig. 1C) . The down-regulation of E2F6 was not statistically significant, but it was not found upregulated in any of the examined cell lines (Fig. 1C) . Of the atypical repressor E2F proteins, only E2F7 was reproducibly up-regulated in response to treatment with doxorubicin. U2OS cells were also treated with increasing amounts of the DNA-damaging agent etoposide. E2F7 protein was again up-regulated in a dose-dependent manner (Fig. 1D) . Gene expression analysis of each corresponding sample in Figure 1D confirms a statistically significant dose-dependent decrease in E2F1 and E2F8 (Fig. 1E) . E2F7 was the only E2F analyzed in this study found to be consistently up-regulated in response to either doxorubicin or etoposide treatment (Fig. 1B-E ).
E2F7 is a p53 target
In order to investigate the p53 dependence of the upregulation of E2F7, p53 levels were increased in the absence of DNA damage by treating U2OS cells with increasing amounts of the Mdm2 inhibitor Nutlin-3. As expected, p53 and p21 levels increased in response to such treatment ( Fig. 2A ). This increase in p53 was accompanied by a dose-dependent increase in E2F7 protein levels ( Fig. 2A) . In addition, Nutlin-3 treatment triggered a cell cycle arrest primarily in the G1 phase of the cell cycle (Fig. 2B) . To confirm the p53 dependence of this effect, p53 was targeted with RNAi oligonucleotides. Indeed, ablation of p53 expression abrogates E2F7 up-regulation in response to Nutlin-3 treatment (Fig. 2C) , whereas E2F7 and CDKN1A (p21) were up-regulated in response to Nutlin-3 in cells transfected with a nonspecific control RNAi (Fig. 2C) . Consistent with the results shown above (Fig. 1) , E2F8 was repressed in control RNAi-treated cells after Nutlin-3 treatment, but this was not observed in p53-ablated cells. These results demonstrate that induction of p53 in the absence of genotoxic stress is sufficient to up-regulate E2F7 protein and mRNA. Furthermore, E2F8 is repressed in a p53-dependent manner in response to Nutlin-3 treatment.
To further examine whether up-regulation of p53 is sufficient to affect E2F7 expression, an inducible cell system was used. The bladder carcinoma EJ (p53-null) cell line was engineered to express p53 in a tetracyclinedependent manner and has been previously characterized (Macip et al. 2003) . In these cells, ectopic expression of p53 is sufficient to induce a cell cycle arrest in both G1 and G2 phases of the cell cycle ( Fig. 2D ,E). p53 induces both CDKN1A and E2F7 expression, while E2F6 and E2F8 levels decrease (Fig. 2F ). These results indicate that p53 expression alone is sufficient to induce E2F7 expression, but not that of E2F6 or E2F8, and that DNA damageinduced up-regulation of E2F7 is p53-dependent.
To examine the p53 dependence of the increase in E2F7 levels after DNA damage, U2OS cells in which p53 had been silenced using a siRNA approach were used. Consistent with the findings shown in Figure 2 , induction of E2F7 and CDKN1A in response to DNA damage was impaired in p53-ablated cells (Fig. 3A) . Examination of E2F7 expression in doxorubicin-treated HCT116 p53 +/+ and p53 À/À cells showed that up-regulation of E2F7 was clearly p53-dependent (Fig. 3B ). As shown in Figure 3C , p53 levels increase after DNA damage in p53 +/+ cells but not in p53 À/À cells. Therefore, in response to DNA damage, p53 is required for the up-regulation of E2F7.
p53 is recruited to the E2F7 promoter via a consensus p53 response element
To ascertain whether p53 is recruited to the E2F7 promoter after DNA damage, the sequence of the proximal promoter was inspected for a possible p53 response element, corresponding to the p53 consensus RRRCWWGYYYRRRCW WGYY (el-Deiry et al. 1992; Wei et al. 2006) . The cartoon in Figure 4A outlines the region of the E2F7 promoter where a potential element was found. Genomic DNA primers were designed in order to assay for enrichment of p53 protein to this region of the E2F7 promoter by chromatin immunoprecipitation (ChIP) (Fig. 4A) . First, ChIP assays were conducted on H1299 (p53-null) cells that were transfected with empty vector or expression constructs for either wild-type or a truncated p53 (D24), which lacks the C-terminal 24 amino acids. The truncated p53 (D24) was shown recently to be defective in transactivation of CDKN1A (p21) and for binding to the corresponding promoter (Hamard et al. 2012) . Ectopic expression of p53 resulted in a significant increase in the signal enriched for p53 at either the E2F7 or CDKN1A promoters but not at the albumin promoter (Fig. 4B) . Overexpression of the truncated p53 did not enrich at the E2F7 or CDKN1A promoter even though both wild-type and mutant p53 were expressed at comparable levels (Fig. 4B ). This finding was confirmed by ChIP using endogenous p53. HCT116 p53 +/+ cells were treated with doxorubicin for 24 h. Analysis of purified ChIP DNA fragments by qPCR showed a significant signal enriched for p53 at the E2F7 promoter in response to DNA damage, but not at the albumin promoter (Fig. 4C,  left) . As expected, enrichment for p53 was also detected at the CDKN1A promoter (Fig. 4C, right) . Taken together, these studies demonstrate that p53 is recruited to the E2F7 promoter during the DNA damage response. This finding strongly supports the observation that E2F7 is a novel p53 target gene induced by DNA damage.
To determine whether p53 can activate E2F7 via this identified putative p53-responsive element, a luciferase reporter assay was used. First, the 20-base-pair (bp) element from the E2F7 promoter was cloned into luciferase reporter containing a minimal adenoviral E1b promoter. Next, H1299 p53-null cells were transfected with the luciferase reporter (E1b-TATA-p53RE) containing the p53 response element from the E2F7 promoter and increasing amounts of either wild-type p53 (WT) or a DNA-binding mutant p53 (248H). A luciferase reporter lacking this insert and a reporter containing a p53 response element derived from the CDKN1A (p21) promoter (E1b-TATA-59 p21P) were used as negative and positive control, respectively. Cotransfection of the E1b-TATA-p53RE reporter with wild-type p53 shows a 50-fold increase in luciferase activity compared with an empty E1b-TATA (Fig. 4D) . Similarly, cotransfection of the p21 reporter (E1b-TATA-59 p21P) with wild-type p53 yielded a significant increase (250-fold) in luciferase activity. The 248H DNA-binding mutant failed to activate either reporter (Fig. 4D) . These findings support the notion that the identified response element is responsible for p53-dependent up-regulation of E2F7.
E2F7 mediates p53-dependent repression E2F7 protein and mRNA are induced in a p53-dependent manner during the DNA damage response. In addition, a higher cellular level of E2F7 is accompanied by p53-dependent transcriptional repression of specific targets. Previously, E2F7 had been shown to regulate transcription of E2F1 under certain conditions (Di Stefano et al. 2003; Li et al. 2008; Panagiotis Zalmas et al. 2008) . Most recently, E2F7 was shown to regulate S-phase progression by repressing a network of oscillating cell cycle genes (Westendorp et al. 2012) . Thus, the E2F7 dependence of the downregulation of specific targets by p53 during the DNA damage response was then addressed. E2F7 expression Transfected samples were collected 24 h after transfection and processed for ChIP using a p53 monoclonal antibody. Genomic DNA was isolated and analyzed by qPCR using genomic DNA primers surrounding the p53RE as depicted in A. Primers in the albumin and CDKN1A promoters were used as a negative and positive control, respectively. Immunoblot analysis showing the relative expression of p53 after transfection is shown to the right of B. (C) HCT116 (p53 +/+ ) cells in culture were treated with doxorubicin for 24 h and processed for ChIP using a p53 monoclonal antibody or GFP antibody as a control. Genomic DNA was isolated and analyzed as in B. (D) H1299 (p53-null) cells were transfected with an E1b-TATA luciferase reporter (E1b-TATA-p53RE) containing a p53 response element from the E2F7 promoter and increasing amounts of either wild-type p53 (WT) or a DNA-binding mutant p53 (248H). Empty E1b-TATA luciferase and E1b-TATA containing a CDKN1A (p21) minimal promoter with an isolated p53 response element (E1b-TATA-59 p21P) were used as negative and positive control, respectively. (NT) Nontreated; (Dox) doxorubicin. Error bars indicate the standard error of the mean. Statistical significance is shown using the Student's t-test analysis; (**) P < 0.01; (*) P < 0.05; (n.s.) not significant. The average of three independent experiments is shown.
was targeted using a siRNA approach in cells treated with a DNA-damaging agent, and gene expression of relevant target genes was analyzed by qRT-PCR. No significant changes in cell cycle distribution were observed in E2F7-ablated cells treated with doxorubicin at 1 d and 3 d posttreatment compared with control cells (Supplemental Fig.  3SA,B) . In order to rule out possible off-target effects, E2F7 was targeted using four distinct RNAi oligonucleotides (Supplemental Fig. 3SC ). qRT-PCR expression analysis was used to verify E2F7 knockdown efficiency (Supplemental Fig. 3SC, middle) . DNA damage-induced transcriptional repression of E2F1 is observed in control RNAi transfected cells but not in samples where E2F7 had been ablated (Supplemental Fig. 3SC, left) . Interestingly, p53-dependent repression of G1/S target genes (RRM2 and DHFR) as well as E2F8, but not G2/M targets (CDC25C and CDC20), is abrogated in E2F7-ablated cells (Supplemental Fig. 3SD ). Confirming the knockdown, E2F7 protein levels increase after DNA damage in cells transfected with a nonspecific control RNAi but are significantly lower in cells transfected with a pool of RNAi targeting oligonucleotides (Fig. 5A) . Ablation of E2F7 impairs the down-regulation of E2F1 but not CDC25C after DNA damage (Fig. 5A) . In fact, E2F1 protein expression is higher in E2F7-depleted cells (Fig. 5A) . The data in Figure 5B demonstrate the efficiency of E2F7 ablation at the mRNA level with a combination of E2F7 RNAi targeting sequences. As expected, CDKN1A is up-regulated in response to DNA damage, and knockdown of E2F7 does not impair its induction in response to genotoxic stress (Fig. 5B) . E2F7 depletion using a pool of RNAi oligonucleotides in cells impairs DNA damage-induced repression of the replication targets E2F1, RRM2, and DHFR (Fig. 5C,  bottom) . Ablation of E2F7, however, did not affect p53-mediated repression of the mitotic targets CDC25C, CCNB1, and CDK1 (Fig. 5C, top) . Cell cycle progression under these conditions was then analyzed by flow cytometry (Supplemental Fig. 3SA ). Knockdown of E2F7 by this method did not affect the ability of cells to undergo a cell cycle arrest in response to DNA damage. These studies nevertheless implicate E2F7 in DNA damage-induced transcriptional repression of specific targets involved in DNA replication, but not those associated with mitotic progression. This latter finding suggests that there are at least two distinct mechanisms of p53-dependent repression, one of which involves the up-regulation of E2F7 by p53 in response to DNA damage.
E2F7 binds to G1/S target promoters and inhibits cellular proliferation
In order to ascertain whether E2F7 up-regulation is sufficient to have a biological effect in cells, Flag-tagged E2F7 was transfected into U2OS cells, and the consequence of this was examined in colony formation assays. Transfected Flag-tagged E2F7 expression in U2OS cells was detected by immunoblot analysis using an anti-Flag antibody (Fig. 6A) . Figure 6B shows a representative result for the colony assay: Forced expression of E2F7 inhibited colony formation of these cells. These data implicate E2F7 in playing a role in the DNA damage response in part by mediating an anti-proliferative effect. This is consistent with the ability of E2F7 to repress transcription of genes such as E2F1. The p53 dependence of the E2F7 anti-proliferative effects were assayed by cotransfecting a pBabe-puro plasmid with either an empty pcDNA3, Flag-tagged E2F7, or Flag-tagged p53 expression vectors into H1299 p53-null cells. It is shown that overexpression of E2F7 or p53 in a p53-null background inhibited colony formation (Fig. 6C) . Together, these studies demonstrate that the anti-proliferative effects of E2F7 are indeed independent of p53 status.
Previous studies suggest that E2F7 mediates its effects by binding directly to E2F-responsive promoters (Di Stefano Figure 5 . DNA damage-induced transcriptional repression of replication targets, but not mitotic targets, is E2F7-dependent. (A) Immunoblot analysis of E2F7, E2F1, Cdc25C, and p53 protein levels. E2F7 expression was targeted for degradation in U2OS cells using a siRNA approach. Cells in culture transfected with either control (Ctl) or E2F7 siRNA oligonucleotides were treated with 0.1 mg/mL doxorubicin 24 h after transfection and harvested at the indicated time point; (D) days. qRT-PCR expression analysis of E2F7 and CDKN1A is shown in B, and that of CDC25C, CCNB1, CDK1, E2F1, RRM2, and DHFR is shown in C from each corresponding sample in A. (NT) Nontreated; (D) days. Error bars indicate the standard error of the mean. Statistical significance is shown using the Student's t-test analysis; (*) P < 0.01; (*) P < 0.05; (n.s.) not significant. The average of three independent experiments is shown. ) cells were treated with doxorubicin for 24 h and processed for ChIP using a polyclonal E2F7 antibody or no antibody as a control. Immunopurified genomic DNA fragments were analyzed for endogenous E2F7 enrichment at the indicated promoters by qPCR. Primers in the albumin promoter were used as a negative control. (NT) Nontreated. The average of two independent experiments is shown. Moon and Dyson 2008) . In order to test this, the ability of E2F7 to bind to the E2F1 and DHFR promoters was analyzed by ChIP. H1299 p53-null cells were transfected with a Flag-tagged E2F7 expression vector and processed for ChIP 24 h after transfection. Analysis of the E2F1 and DHFR promoters by qPCR using purified ChIP DNA fragments shows a significant enrichment for E2F7 (Fig. 6D) . Transfected Flag-tagged E2F7 was not detected at the albumin (ALB) promoter or at the promoter of the mitotic target CDC25C (Fig. 6D; Supplemental Fig. 4S ). These results were confirmed in wild-type p53-expressing cells after DNA damage using an antibody to the endogenous E2F7. HCT116 cells were treated with doxorubicin for 24 h. Endogenous E2F7 occupancy at the E2F1 and DHFR promoters was demonstrated using purified ChIP DNA fragments (Fig. 6E) . This validates that endogenous E2F7 is indeed recruited to the E2F1 and DHFR promoters during the DNA damage response (Fig. 6E ).
Discussion
The molecular basis for DNA damage-induced transcriptional repression by p53 has not been well understood. Earlier studies suggested that p53 could inhibit transcription by directly disrupting the basal transcription machinery (Seto et al. 1992; Farmer et al. 1996) . Others proposed that p53 could also interfere with specific sequencespecific transcription factors via protein-protein interactions (Imbriano et al. 2005; Di Agostino et al. 2006; Le Gac et al. 2006) . For example, p53 has been shown to interact with the NF-Y transcription factor and thereby inhibit transcription (Imbriano et al. 2005; Di Agostino et al. 2006 ). Thus, two general models of p53-dependent repression were proposed: ''direct'' and ''indirect'' (Farmer et al. 1996; Lee et al. 1999 Lee et al. , 2001 Badie et al. 2000; St Clair et al. 2004; Estè ve et al. 2005; Wang et al. 2010 ). The ''direct'' model of repression involves the binding of p53 to a putative p53 response element on specific repression target genes (Lee et al. 1999 (Lee et al. , 2001 Murphy et al. 1999; St Clair et al. 2004; McKenzie et al. 2010; Wang et al. 2010 ). These studies argued that p53 plays an active role in repression by binding to specific sequences on a target promoter and recruiting corepressors. The ''indirect'' model of repression involves the activation of specific p53 target genes that in turn mediate transcriptional repression downstream from p53. For example, the upregulation of the gene encoding the cyclin-dependent kinase inhibitor p21 has been implicated as playing a role in p53-dependent transcriptional repression (Badie et al. 2000; Devgan et al. 2005; Fritah et al. 2005) . Additionally, several noncoding microRNAs have also been reported to play such a role in Barsotti and Prives (2010) , Huarte et al. (2010) , and Liu et al. (2011) . It is reasonable to speculate that under certain environmental, genotoxic, or developmental stimuli, distinct p53-dependent mechanisms of repression are activated. Which pathway is activated and how they interact may, in fact, be context-dependent. The present study examines DNA damage-induced transcriptional repression of a subset of indirect p53 target genes. A member of the E2F family of transcription factors, E2F7, is characterized as a p53-induced target gene. E2F7, in turn, is a mediator of DNA damage-induced, p53-dependent transcriptional repression of E2F1, RRM2, DHFR, and E2F8.
The E2F7 protein is an atypical E2F resembling the E2F-like (E2L1-3) in plants (Vlieghe et al. 2005) . Atypical E2Fs contain two DNA-binding domains, do not form heterodimers with DP proteins, and repress transcription independently of Rb (Logan et al. 2004; Lammens et al. 2009 ). Interestingly, E2L proteins may play a role in negative regulation of endoreplication in plants (Vlieghe et al. 2005) . In human cells, E2F7 was reported to play a role in the DNA damage response, repress E2F1-mediated transcription, and have anti-proliferative properties (de Bruin 2003; Di Stefano et al. 2003; Panagiotis Zalmas et al. 2008) . Most recently, it was reported that E2F7 regulates S-phase progression by regulating an array of oscillating genes during the cell cycle (Westendorp et al. 2012) . In mice, E2F7 and E2F8 are essential for embryonic development (Li et al. 2008; Winn et al. 2011) . The E2F7/8 homolog EFL-3 in Caenorhabditis elegans was recently implicated in playing a role in repressing cell type-specific cell death (Winn et al. 2011 ). Interestingly, it was reported that E2F7 plays a role in squamous cell differentiation and that loss of E2F7 may give rise to the initiation of cutaneous squamous cell carcinoma (Hazar-Rethinam et al. 2011) . Taken together, these studies bring to light important E2F7 biological functions and stress the need for continued research in order to fully characterize its function and regulation. The present study sheds light on how E2F7 transcription is regulated in response to DNA damage.
A putative p53 response element was identified in the human E2F7 promoter. Therefore, it was predicted that p53 is recruited to the E2F7 promoter in response to DNA damage. ChIP assays confirmed this, demonstrating that p53 binds to the E2F7 promoter when p53 is ectopically expressed or induced by DNA damage in cells. Furthermore, wild-type p53 significantly induced expression of a luciferase reporter containing a putative p53-responsive element from the E2F7 promoter. A DNA-binding p53 mutant, however, failed to drive transcription from this reporter. Induction of p53 with Nutlin-3 increases E2F7 protein and mRNA expression. Likewise, exogenous expression of p53 in cells is sufficient to induce E2F7 mRNA transcription. Additionally, it is shown that DNA damage also induces E2F7 expression in cells treated with doxorubicin in a p53-dependent manner. This occurs in a dose-and time-dependent manner. Together, these results support the notion that the E2F7 gene is a direct p53 target gene that is up-regulated in response DNA damage.
Interestingly, E2F7 is the only E2F family member tested in this study that is transactivated in response to DNA damage and in a p53-dependent manner. In contrast, E2F1, E2F6, and E2F8 are down-regulated in response to DNA damage. Previously, it had been reported that E2F8 levels increase during the DNA damage response (Panagiotis Zalmas et al. 2008) . In contrast, it is shown here that E2F8 transcription is repressed in an E2F7-dependent manner. This is corroborated by a recent genome-wide study that suggests E2F8 is a potential E2F7 target (Westendorp et al. 2012) . Furthermore, E2F1 down-regulation is E2F7-dependent. DNA damage-induced transcriptional repression of the E2F1 target genes RRM2 and DHFR is also E2F7-dependent. This is consistent with the model that E2F7 is a negative regulator of transcription of E2F-responsive promoters. It is likely that other targets will be identified that are also repressed by E2F7.
It is shown here and by others that ectopic expression of E2F7 in cells is anti-proliferative (Di Stefano et al. 2003) . E2F7 overexpression in p53-null cells inhibited growth in colony formation assays. This demonstrates that the antiproliferative properties of E2F7 are p53-independent, suggesting that its effects are downstream from p53. This finding is in line with other studies cited herein and with results included in this study demonstrating that E2F7 is a transcriptional repressor of cell cycle genes. It is shown here that DNA damage induces transcriptional repression of E2F1, DHFR, RRM2, and E2F8 in an E2F7-dependent manner. In contrast, DNA damage-induced repression of the mitotic targets CDC25C, CDK1, CCNB1, and CDC20 is not E2F7-dependent. Nevertheless, DNA damageinduced transcriptional repression of these mitotic targets is also p53-dependent. This finding suggests that while transcriptional repression of a variety of cell cycle genes is p53-dependent, the molecular basis for repression of specific targets may differ significantly. Hence, not all cell cycle genes repressed by p53 share the same underlying mechanism for their down-regulation. ChIP assays show that E2F7 binds selectively to the E2F1 and DHFR promoter but not to the CDC25C promoter. Thus, E2F7 appears to target genes involved in the G1 and S phases, but not those involved in the G2 and mitotic phases of the cell cycle.
Previous studies have shown that E2F7 plays an important role during development. Its importance is emphasized by the fact that deletion of both E2F7 and E2F8 in mice is embryonic-lethal in a manner likely due to E2F1-induced apoptosis (Li et al. 2008) . This observation suggests that during animal development, E2F7 and E2F8 activity is a critical regulator of E2F1 activity, and the Rb family is not capable of compensating for their loss. Furthermore, it suggests that under certain conditions, E2F7 can regulate E2F transcriptional responses independently from the Rb family. It is shown here that E2F7 can regulate DNA damage-induced transcriptional repression of E2F-responsive promoters. It is important to note that while overexpression of E2F7 inhibited cellular proliferation in colony formation assays, this was not sufficient to initiate a DNA damage checkpoint. Previously, it was shown that Rb-deficient cells can undergo Ras-induced senescence in culture but undergo endoreduplication due to derepression of replication target genes (Chicas et al. 2010) . Thus, it is not surprising that knockdown of E2F7 in cancer cells does not impair cell cycle arrest in response to DNA damage. Although E2F7 depletion in cancer cells abrogates DNA damage-induced transcriptional repression of replication target genes, a significant increase in endoreduplication was not observed. Perhaps E2F7 is part of a larger DNA damage response network activated to ensure proper maintenance of DNA damage checkpoints. This possibility will require future studies. Ablation of E2F7 expression did not substantially change the cell cycle profile after DNA damage (Supplemental Fig. 3SA,B) . As E2F7 does not contribute to transcriptional activation by p53, and its down-regulation does not influence repression of targets that are relevant in the G2-to-M phase transition, it is not necessarily remarkable that this would be the case. While we have not provided data for the role of E2F7 in long-term responses to p53, these experimental results suggest that its ablation will not affect the ability of p53 to inhibit colony formation, for example. Thus, the role of E2F7 is likely to enforce p53-dependent effects on cell cycle progression, rather than be absolutely required for their execution.
The present study identifies E2F7 as a mediator of p53-dependent transcriptional repression and highlights the selective nature of p53-dependent mechanisms of repression. Additionally, the cyclin-dependent kinase inhibitor p21 is also transactivated by p53 during the DNA damage response. Therefore, the p21 dependence of p53-mediated transcriptional repression was examined. As it turns out, p21-ablated cells are defective for transcriptional repression of all of the p53 targets analyzed (Supplemental Fig.  5S ). This finding suggests that an important interaction between E2F7 and p21 may exist. For example, it is possible that p21 may regulate E2F7 protein activity via interactions with cyclin-dependent kinases.
Overall, these results are consistent with the model shown in Figure 7 . In response to DNA damage, stabilized p53 binds to the promoter of the E2F7 gene and causes its transactivation. Repression of replication targets by E2F7 is cell cycle-independent, since E2F7-ablated cells are still able to arrest in G1/S. It is thus hypothesized that E2F7 is induced in response to DNA damage by p53 in order to reinforce checkpoint responses. Model: E2F7 is a novel p53 target and mediates transcriptional repression of replication target genes in response to DNA damage. DNA damage induces transcriptional repression of genes involved in DNA replication and mitotic progression in a p53-dependent manner. E2F7 is a novel p53 target gene up-regulated in response to DNA damage. E2F7 binds specifically to replication target gene promoters and mediates DNA damage-induced transcriptional repression. Mitotic target genes are repressed via a different mechanism, and E2F7 does not appear to play a role.
Materials and methods
Tissue culture, cell lines, and drug treatments Cells were grown in Dulbecco's modified Eagle's medium containing 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin. Medium for EJ cells was supplemented with 50 mg/mL hygromycin. Cell lines were treated with a range of 0.025-0.25 mg/mL doxorubicin (Sigma) in order to determine the appropriate dose for each. U2OS and MCF7 cells were treated with 0.1 mg/mL doxorubicin, while HCT116 cells were treated with 0.25 mg/mL doxorubicin for the indicated times. Ectopic expression of p53 was induced in EJp53 cells by washing cells grown in tetracycline-containing medium five times with 13 PBS. Cells were then grown for at least 1 d in medium minus tetracycline. H1299 and U2OS cells were transfected using Lipofectamine and Plus reagent (Invitrogen) according to the manufacturer's instructions.
ChIP assay
The protocol for this assay was described previously by Espinosa et al. (2003) , except that Protein A Dynabeads (Invitrogen) were used for the pull-down. DNA fragments were purified using the QIAquick PCR purification kit (Qiagen) according to the manufacturer's instructions. Recovered DNA was subjected to qPCR amplification using the Mx3005P QPCR system (Agilent Technologies). Relative values or percent of input was calculated using the comparative cycle threshold method using the following equation: 2
. Primers used for ChIP-qPCR are provided in Supplemental Table 1 . The antibodies used in the ChIP assays were anti-p53 (sc-DO1), anti-E2F7 (sc-H300), anti-flag (M2, Sigma), and anti-GFP (JL-8, BD Bioscience).
RNA purification, cDNA synthesis, and qPCR Cells were treated as described in the figure legends and processed for RNA purification using the RNeasy kit (Qiagen). One microgram of RNA was used for cDNA synthesis using qScript cDNA Super Mix (Quanta Biosciences) according to the manufacturer's instructions. cDNA samples were then diluted to 1:40, and gene expression analysis was carried out by qPCR using the Mx3005P qPCR system (Agilent Technologies). A 40-cycle qPCR reaction was performed using the VeriQuest SYBR Green qPCR Master Mix with ROX according to the manufacturer's instructions. A primer list of sequences used for qRT-PCR is provided in Supplemental Table 1 .
Immunoblotting
Whole-cell extracts were prepared by washing cells once with 13 PBS. Cells were scraped into a lysis buffer composed of 50 mM HEPES (pH 7.5), 1% Triton X-100, 150 mM NaCl, 1 mM MgCl 2 , 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mg/mL leupeptin, and 50 mg/mL aprotinin. Fifty micrograms of total protein concentration was resolved by SDS-PAGE. Immunoblot analysis was conducted using the following antibodies: anti-p53 (sc-DO1), antip21 (SMX30, BD Bioscience), anti-Flag (M2, Sigma), and anti-b-actin (Sigma).
Plasmids
Wild-type p53 constructs were derived from a pCMV-Flag-p53 plasmid, which was a gift from Dr. Wei Gu. The D24 deletion was created by inserting a termination codon at the 370-amino-acid position by site-directed mutagenesis. For this purpose, the following primers were used: Forward, 59-ACTCCAGCCAC CTGTAGTCCAAAAAGGGTC-39, and Reverse, 59-GACCCT TTTTGGACTACAGGTGGCTGGAGT-39.
Luciferase reporters
A minimal promoter sequence consisting of a 20-bp p53 consensus sequence from the E2F7 promoter was cloned into a pGL3-E1b-TATA reporter construct. The oligonucleotide sequences 59-CTCGAGCGGCAAGTTGGACAACTCCCTCGAG-39 and 59-CTCGAGGCCGTTCAGACCTGTTGAGGCTCGAG-39 were annealed and cloned into the pGL3-E1b-TATA, also digested with XhoI.
Colony formation assay
Transfections were carried out as indicated in the figure legends. The pBABE-puromycin vector was cotransfected with the indicated plasmids for selection of puromycin-resistant colonies. Transfections were carried out as described above, and, 24 h after transfection, cells were passaged into medium containing puromycin (1 mg/mL). Colonies were fixed and stained with Giemsa (Sigma) 2-3 wk after transfection.
Propidium iodide staining for flow cytometry analysis
Cell pellets were resuspended and fixed in 1 mL of 70% ethanol and stored for at least 12 h at À20°C. Samples were then spun at 2300 rpm for 5 min, and pellets were resuspended in 1 mL of 13 PBS and spun again as above. Pellets were resuspended in 1 mL of 13 PBS containing 13 propidium iodide and 1 mg/mL RNase A (Sigma) to make ;10 6 cells per milliliter. Samples were stored in the dark overnight at 4°C and then analyzed by flow cytometry.
siRNA transfection
ON_TARGET plus siRNA SMART pools were purchased directly from Dharmacon siRNA technologies (Fisher Scientific). Confluent dishes were split the day before transfection at a 1:10 dilution. Transfections were carried out using Optimen (Gibco) and oligofectamine (Invitrogen) according to the manufacturers' instructions. siRNA oligonucleotide sequences will be provided on request.
